Core/shell-structured FeSn 2 /onion-like carbon (FeSn 2 /OLC) nanocapsules of confined size range of sub-50 nm are synthesized via an in-situ arc-discharge process, and are evaluated in comparison with FeSn 2 nanoparticles as an improved stannide-based electrocatalytic anode material for Li-ion batteries (LIBs). The in-situ arc-discharge process allows a facile one-pot procedure for forming crystalline FeSn 2 stannide alloy nanoparticle cores coated by defective OLC thin shells in addition to a confined crystal growth of the FeSn 2 nanoparticle cores. The LIB cells assembled using the FeSn 2 /OLC nanocapsules as the electrocatalytic anodes exhibit superior full specific discharge capacity of 519 mAh·g −1 and specific discharge capacity retention of~62.1% after 100 charge-discharge cycles at 50 mA·g −1 specific current. The electrochemical stability of FeSn 2 /OLC nanocapsules is demonstrated from the good cycle stability of the LIBs with a high specific discharge capacity retention of 67.5% on a drastic change in specific current from 4000 to 50 mA·g −1 . A formation mechanism is proposed to describe the confined crystal growth of the FeSn 2 nanoparticle cores and the formation of the FeSn 2 /OLC core/shell structure. The observed electrochemical performance enhancement is ascribed to the synergetic effects of the enabling of a reversible lithiation process during charge-discharge of the LIB cells by the FeSn 2 nanoparticle cores as well as the protection of the FeSn 2 nanoparticle cores from volume change-induced pulverization and solid electrolyte interphase-induced passivation by the OLC shells.
Introduction
Lithium (Li)-ion batteries (LIBs) have become the most popular class of energy storages and power sources for portable electronics and mobile devices because of their high energy density, rate capability, cycle stability, and market availability [1, 2] . To cope with the rapidly increasing challenges by other classes of energy storages and power sources, it is urgent to develop higher performance electrocatalytic anodes to extend the application scopes of LIBs, especially in the fast-growing fields of electric vehicles and renewable energies [3, 4] . Carbonaceous materials such as graphite have been investigated as anodes for LIBs without much success because the Li + ions stored in the 2-D toluene and chloroform and expensive reagents like lithium di-isopropylamide [16] undermines their commercialization and environment aspects. Apart from the multiple steps used in the above methods, the moderate electrochemical performance of these FeSn 2 alloys might be attributed to the controlled morphology of the active sites, their electrochemical instability during for lithiation-delithiation process, and the failure of the fabricated carbon shell to accommodate the discharge products.
Further, the previous works on electrocatalytic FeSn 2 /carbon composite uses the conventional carbon matrix. But recent works on onion-like carbon shell (OLC) in supercapacitors and microwave absorbing devices prove their superiority over conventional carbon matrix [17, 18] . OLC are nanoparticles with quasi-spherical shape composed of multiple enclosed fullerene-like defective carbon shells with diameters between 5-10 nm [19] . Owing to their surface defective features, they exhibit superior electrical conductivity, structural flexibility, and full accessibility of ion adsorption/desorption on their surface [20] .
To address the lack of controlled and environmentally benign synthesis process for strategically designed electrocatalytic stannide-based intermetallic alloys for LIB anodes, in this work we have used a facile one-pot in-situ arc-discharge process to synthesize pure-phase FeSn 2 /OLC nanocapsules, featuring a confined crystal size range of sub-50 nm and attractive electrochemical properties of core/shell-structured Sn-based stannide alloys. The high controllability achieved by arc-discharge method enables the introduction of Fe as the buffering metal, development of sub-50 nm size intermetallic FeSn 2 alloys, and their encapsulation by OLC shells with surface defective features. Moreover, the tactful combination of crystalline FeSn 2 nanoparticles and OLC improve the electrochemical stability of the nanocapsules and enable a reversible lithiation process during charge-discharge of the LIB cells with high specific discharge capacity 835 mAh·g −1 and stability till 100 cycles. To the best of our knowledge there is no report on the synthesis of pure-phase electrocatalytic FeSn 2 /OLC nanocapsules by a scalable, in-situ arc-discharge method to serve as the LIB anodes.
Results and Discussion

Physicochemical Properties of FeSn 2 /OLC Nanocapsules
The XRD pattern of the FeSn 2 /OLC nanocapsules in Figure 1a reveals a tetragonal unit cell with C16 type structure (JCPDS no. 25-0415, space group I4/mcm, a = b = 6.538 Å, c = 5.326 Å) of the core FeSn 2 nanoparticles which corroborate with stannide structure [21, 22] . The diffraction peaks at 27 (200) , (002), (211), (112), (202), (312), (213), (420), (402), and (004) Millers indices [23] . According to Armbuster et al. the FeSn 2 stannide structure is formed of two types of building blocks. Because of the homo-atomic interactions of the tin atoms along d1 and d2, a 6 3 interpenetrating net-like structure is formed. On the other hand, because of the covalent interactions, the Fe atoms constitute chains along (001). Both of these building blocks are connected by the Fe-Sn-Fe heteroatomic bonds and eventually gives rise to a three dimensional network as seen in Figure 1b [16] . The absence of any other peaks indicates the high purity of the FeSn 2 /OLC nanocapsules devoid of any oxidized metal products when prepared by arc-discharge method. Because of the small amount of carbon present in the FeSn 2 /OLC nanocapsules, no evident peak of carbon is observed. There is a possibility of breaking down of the periodic boundary condition of the carbon shells (translation symmetry) along the radial direction which make them undetectable in the XRD patterns [24] . The slight left shift of the diffraction peaks of FeSn 2 /OLC nanocapsules as compared to pure FeSn 2 nanoparticles is attributed to the doping of the atoms. Since the preferred orientation of FeSn 2 is in the (211) direction [16, 22, 23] , therefore the crystal size is calculated from the Scherrer's equation considering this peak. It is estimated that the average crystal size of the FeSn 2 nanoparticles was 27.3 nm. On the other hand, the FeSn 2 core of the FeSn 2 /OLC nanocapsules possesses an average crystal size of 23.6 nm. The reduction in crystal size is evident from the broadness of the (211) peak of FeSn 2 /OLC nanocapsules. Hence, it is concluded that the OLC shells suppress the growth of the FeSn 2 nanoparticles to sub-50 nm, thereby improving their electrochemical properties. the OLC shells suppress the growth of the FeSn2 nanoparticles to sub-50 nm, thereby improving their electrochemical properties. The HR-TEM images in Figure 2a show the spherical shaped FeSn2 nanoparticles with diameter ranging from 5-120 nm. The formation of FeSn2 phase is confirmed from the characteristic lattice fringe of d = 0.256 nm as in Figure 2c , corresponding to the lattice plane of (211). Figure 2b exhibits the core/shell structure of FeSn2/OLC nanocapsules after the in-situ arc-discharge process. The FeSn2/OLC nanocapsules retain their spherical shapes with distinct onion like thin shells of ~1 nm thickness on the outer perimeter. Because of the suppression of the crystal growth in FeSn2/OLC nanocapsules, a narrow size distribution of the nanocapsules is achieved within 5-50 nm range. The onion like shells exhibits a lattice fringe of d = 0.34 nm which correspond to the (002) lattice plane of graphitic carbon. On the other hand, it is observed from Figure 2d that the FeSn2 core exhibits a lattice fringe of d = 0.206 nm which correspond to the (202) lattice plane of FeSn2. The OLC shells contain lattice defects, such as carbon layer breakage and blending in the homocentric sphere layers. Moreover, other structural defects, such as interstitial atoms, stacking faults, and dislocation of C layers are also observed [25] . The disordered OLC shells have exposed lattice defects which facilitate the interaction of the Li + ions through them, thereby enhancing the specific discharge capacity and rate capability of the electrocatalytic FeSn2/OLC nanocapsules. The HR-TEM images in Figure 2a show the spherically shaped FeSn 2 nanoparticles with diameter ranging from 5-120 nm. The formation of FeSn 2 phase is confirmed from the characteristic lattice fringe of d = 0.256 nm as in Figure 2c , corresponding to the lattice plane of (211). Figure 2b exhibits the core/shell structure of FeSn 2 /OLC nanocapsules after the in-situ arc-discharge process. The FeSn 2 /OLC nanocapsules retain their spherical shapes with distinct onion like thin shells of~1 nm thickness on the outer perimeter. Because of the suppression of the crystal growth in FeSn 2 /OLC nanocapsules, a narrow size distribution of the nanocapsules is achieved within 5-50 nm range. The onion like shells exhibits a lattice fringe of d = 0.34 nm which correspond to the (002) lattice plane of graphitic carbon. On the other hand, it is observed from Figure 2d that the FeSn 2 core exhibits a lattice fringe of d = 0.206 nm which correspond to the (202) lattice plane of FeSn 2 . The OLC shells contain lattice defects, such as carbon layer breakage and blending in the homocentric sphere layers. Moreover, other structural defects, such as interstitial atoms, stacking faults, and dislocation of C layers are also observed [25] . The disordered OLC shells have exposed lattice defects which facilitate the interaction of the Li + ions through them, thereby enhancing the specific discharge capacity and rate capability of the electrocatalytic FeSn 2 /OLC nanocapsules. The HR-TEM images in Figure 2a show the spherical shaped FeSn2 nanoparticles with diameter ranging from 5-120 nm. The formation of FeSn2 phase is confirmed from the characteristic lattice fringe of d = 0.256 nm as in Figure 2c , corresponding to the lattice plane of (211). Figure 2b exhibits the core/shell structure of FeSn2/OLC nanocapsules after the in-situ arc-discharge process. The FeSn2/OLC nanocapsules retain their spherical shapes with distinct onion like thin shells of ~1 nm thickness on the outer perimeter. Because of the suppression of the crystal growth in FeSn2/OLC nanocapsules, a narrow size distribution of the nanocapsules is achieved within 5-50 nm range. The onion like shells exhibits a lattice fringe of d = 0.34 nm which correspond to the (002) lattice plane of graphitic carbon. On the other hand, it is observed from Figure 2d that the FeSn2 core exhibits a lattice fringe of d = 0.206 nm which correspond to the (202) lattice plane of FeSn2. The OLC shells contain lattice defects, such as carbon layer breakage and blending in the homocentric sphere layers. Moreover, other structural defects, such as interstitial atoms, stacking faults, and dislocation of C layers are also observed [25] . The disordered OLC shells have exposed lattice defects which facilitate the interaction of the Li + ions through them, thereby enhancing the specific discharge capacity and rate capability of the electrocatalytic FeSn2/OLC nanocapsules. 
Proposed Formation Mechanism of FeSn 2 /OLC Nanocapsules
From the observations of the physicochemical results of the FeSn 2 /OLC nanocapsules, we have theoretically proposed the formation mechanism of FeSn 2 /OLC nanocapsules during the arc-discharge process. The arc-discharge method scores over the conventional thermal evaporation method in terms of its capability to produce supersaturated atomic hydrogen. The hydrogen not only provided the required heat, but also enabled the formation of tiny bubbles in the molten Fe-Sn alloy. Considering the low inner pressure of the bubbles, they could be approximated as evaporating source in the vacuum. When the surrounding bulk melts and evaporates from the bubble boundary, the bubbles assume an oversaturated state. Finally, the over-saturated vapors escape from the surface of the Fe-Sn molten alloy to form intermetallic nanoparticles. Since the evaporation rates of Fe and Sn at 1873 K are 1.61 and 47.69 g·cm −2 ·h, respectively, the Sn content in the nanoparticles is much higher than the Fe [26] .
The gas phase nucleation during the formation of FeSn 2 nanoparticles generally can be classified into three steps as shown in Scheme 1. The driving force and nucleation energy during the process are provided by super cooling which drives the progress of atoms to clusters to nuclei through random collisions [27] . Since the boiling point of Fe and Sn are 3153 and 2876 K, respectively, therefore, under the high thermal energy provided by the hydrogen gas during arc-discharge method, the Sn will evaporate first and form a gas state around the Fe nuclei [26] . In the second step, the Fe nuclei at the core adsorb the Sn atoms or clusters on their surfaces and progressively coagulate to nanoparticles. At the same time, via the interface reactions and interdiffusion of boundaries, the intermetallic Fe-Sn compound phases are formed [27] . The maternal phase Fe finally is consumed by diffusion, leaving behind excess content of Sn and the FeSn 2 nanoparticles as the dominant phase [26] . Since the FeSn powder ingot is composed of excess of Sn content, therefore the formation of the trimers of FeSn 2 intermetallic stannide is favored over Fe 2 Sn and Fe 3 [26] . Further, the effective formation heat of FeSn 2 phase (−0.087 kJ·(mol·atom) −1 ) is lower than FeSn (−0.082 kJ·(mol·atom) −1 ), which encourages the formation of FeSn 2 [2] .
From the observations of the physicochemical results of the FeSn2/OLC nanocapsules, we have theoretically proposed the formation mechanism of FeSn2/OLC nanocapsules during the arc-discharge process. The arc-discharge method scores over the conventional thermal evaporation method in terms of its capability to produce supersaturated atomic hydrogen. The hydrogen not only provided the required heat, but also enabled the formation of tiny bubbles in the molten Fe-Sn alloy. Considering the low inner pressure of the bubbles, they could be approximated as evaporating source in the vacuum. When the surrounding bulk melts and evaporates from the bubble boundary, the bubbles assume an oversaturated state. Finally, the over-saturated vapors escape from the surface of the Fe-Sn molten alloy to form intermetallic nanoparticles. Since the evaporation rates of Fe and Sn at 1873 K are 1.61 and 47.69 g·cm −2 ·h, respectively, the Sn content in the nanoparticles is much higher than the Fe [26] .
The gas phase nucleation during the formation of FeSn2 nanoparticles generally can be classified into three steps as shown in Scheme 1. The driving force and nucleation energy during the process are provided by super cooling which drives the progress of atoms to clusters to nuclei through random collisions [27] . Since the boiling point of Fe and Sn are 3153 and 2876 K, respectively, therefore, under the high thermal energy provided by the hydrogen gas during arc-discharge method, the Sn will evaporate first and form a gas state around the Fe nuclei [26] . In the second step, the Fe nuclei at the core adsorb the Sn atoms or clusters on their surfaces and progressively coagulate to nanoparticles. At the same time, via the interface reactions and interdiffusion of boundaries, the intermetallic FeSn compound phases are formed [27] . The maternal phase Fe finally is consumed by diffusion, leaving behind excess content of Sn and the FeSn2 nanoparticles as the dominant phase [26] . Since the FeSn powder ingot is composed of excess of Sn content, therefore the formation of the trimers of FeSn2 intermetallic stannide is favored over Fe2Sn and Fe3 [26] . Further, the effective formation heat of FeSn2 phase (−0.087 kJ·(mol·atom) −1 ) is lower than FeSn (−0.082 kJ·(mol·atom) −1 ), which encourages the formation of FeSn2 [2] .
At the very high temperature generated during the arc-discharge method, the ethanol vaporizes to form C2-clusters of carbon. The clusters nucleate to form polycyclic aromatic structures. In order to saturate the bonds, these structures tend to form five-membered rings that create a curvature. A larger number of carbon units get added to expand the ringed structures to onion-like cages. During the arc-discharge, the plasma zone is confined by super-cooling which enables the existing cages to serve as nucleation centers. The growth of the onion-like cages occurs in form of multiple shells. During such a growth, often the inner layers are incomplete before the addition of the next cluster. Scheme 1. Schematic representation of formation of FeSn 2 /OLC nanocapsules during in-situ arc-discharge process [20, 26] .
At the very high temperature generated during the arc-discharge method, the ethanol vaporizes to form C2-clusters of carbon. The clusters nucleate to form polycyclic aromatic structures. In order to saturate the bonds, these structures tend to form five-membered rings that create a curvature. A larger number of carbon units get added to expand the ringed structures to onion-like cages. During the arc-discharge, the plasma zone is confined by super-cooling which enables the existing cages to serve as nucleation centers. The growth of the onion-like cages occurs in form of multiple shells. During such a growth, often the inner layers are incomplete before the addition of the next cluster.
Such incomplete layers of carbon onion shells give rise to the defects present in the material. With different degrees of curvature, the proportion of size and number of defects vary [28] .
Electrochemical Performance of LIB Cells
The electrochemical performance of both the FeSn 2 /OLC nanocapsule-based and the FeSn 2 nanoparticle-based electrocatalytic anodes were tested in a LIB half-cell configuration using lithium foils as the cathodes. The voltage versus capacity for the first 3 cycles of FeSn 2 /OLC nanocapsule-based anodes in half-cells are shown in Figure 3a . During the charge-discharge cycles, the following electrocatalytic reactions take place [7] : efficiency of FeSn2/OLC nanocapsule-based anodes was ~64.2%, while it was only 57.1% in the FeSn2 nanoparticle-based anodes. It can be concluded that the high specific discharge capacity, relatively flat plateaus with minimal hysteresis loss, cyclic stability, and maximized cell voltage at low reaction potential are attributed to the improved electrocatalytic properties of FeSn2/OLC nanocapsules, thus making them promising anodes for LIBs. Additionally, the low reaction potential (higher than graphite) of FeSn2/OLC nanocapsule-based anodes would allow a degree of safety when related to lithium plating [32] . The cycling performance of LIBs is directly proportional to the electrochemical stability of their electrocatalytic anodes. The cycling performance of LIB cells composed of the FeSn2/OLC nanocapsule-based anodes and the FeSn2 nanoparticle-based anodes at a specific current density of 50 mA·g −1 is shown in Figure 4a . At the end of 100 charge-discharge cycles, the FeSn2 nanoparticle-based anodes only show a specific discharge capacity of ~178 mAh·g −1 (~38.6% retention of the initial specific discharge capacity) compared to ~519 mAh·g −1 (~62.1% retention of initial specific discharge capacity) in the FeSn2/OLC nanocapsule-based anodes. The cycling instability of the FeSn2 nanoparticle-based anodes can be attributed to the irreversible formation of Li2O matrix, active retention of Li-Sn compounds, and continuous consumption of Li + ions during formation and decomposition of SEI films [7, 12] . On the other hand, the FeSn2/OLC nanocapsule-based anodes show a reduced capacity fading to as low as 0.3% per cycle. The improvement in surface area, protection provided by the OLC shells to the FeSn2 cores, and efficient electron transfer across the conductive OLC shells [33] are the primary reasons for the improved performance. The OLC shells protected the core FeSn2 nanoparticles from coming in direct contact with the electrolyte and prevented the formation of SEI on them, eventually delaying the deactivation. With increasing cycle number, the specific capacity of the LIB cells with FeSn2/OLC The first cycle exhibits a broad cathodic peak at 0.7 V, while the second and third cycles have multiple cathodic peaks located between the operating voltage window. They are attributed to the lithiation of the tin during the discharge process. Since the potentials of formation of the solid-electrolyte interface (SEI) and lithiation reaction of FeSn 2 /OLC nanocapsule-based anodes in the first discharge process are quite close, hence they overlap to form a broad cathodic peak instead of multiple small peaks [21] . In the reverse anodic scan, the delithiation of Li x Sn (Li 5 Sn 2 and LiSn) is represented by the peak at 0.65 V [2] . The small peak at~1.0 V is ascribed to the high surface reactivity for sub-50 nm FeSn 2 intermetallic stannide alloy in FeSn 2 /OLC nanocapsules. The large cathodic peak at 0.7 V is similar for all the three cycles confirming the good reversibility of the reaction and electrochemical stability of the robust FeSn 2 /OLC nanocapsule-based anodes against deformation [7] . However, by the end of the third cycle, the anodic peaks are shifted to high voltages owing to the small polarization arising from the increasing impedance of the SEI layer [6] . When compared to the CV curve of FeSn 2 in Figure 3b , it is seen that the oxidation peaks in case of FeSn 2 /OLC nanocapsule-based anodes are sharper than that of the FeSn 2 nanoparticle-based anodes. This proves the better electrochemical kinetics of the FeSn 2 /OLC nanocapsules owing to their highly conductive OLC shells. In the subsequent cycles, the intensity and integrated areas of peaks decrease because of the irreversible capacity attenuation.
It is observed from the galvanostatic charge-discharge profile of electrocatalytic FeSn 2 /OLC nanocapsule-based anodes in Figure 3c that in the first discharge curve there is a slight bump at~0.6 V because of the irreversible formation of SEI layer on the surface of the anode [7] . It disappears in the subsequent cycles. The plateau between 0.3 and 0.0 V corresponds to the lithiation of the anode. In the subsequent cycles this plateau is heavily overlapped signifying their good reversibility and electrochemical stability. Figure 3d shows that both FeSn 2 nanoparticle-based anodes and FeSn 2 /OLC nanocapsule-based anodes have high specific discharge capacity of 464 and 835 mAh·g −1 , respectively. It is noted that the initial specific discharge capacity of the FeSn 2 /OLC nanocapsule-based anodes (835 mAh·g −1 ) was higher than the theoretical specific discharge capacity of the FeSn 2 nanoparticle-based anodes (~804 mAh·g −1 ) [21] . This is attributed to the following four possibilities: (1) The theoretical capacity of FeSn 2 is based on the conventional alloying mechanism, in which the reduction reaction of FeSn 2 is assumed to be irreversible [29] ; (2) an organic polymeric/gel-like film might had formed at the interface of the core/shell-structured anode, which enhanced their capacity via "pseudo-capacitance" [30] ; (3) the hollow structure and large surface area of the OLC shells enabled the storage of Li + ions at the interfaces and pores of the electrocatalytic FeSn 2 /OLC nanocapsule-based anodes [11, 19] ; and (4) the high electrical conductivity of the OLC shell facilitated electron transfer during lithiation and delithiation process [20, 31] . On the other hand, the poor electrocatalytic performance of the FeSn 2 nanoparticle-based anodes is rooted in their electrochemical instability, since the FeSn 2 nanoparticles undergo pulverization and exfoliation during lithiation-delithiation process [2, 10, 11] . The initial columbic efficiency of FeSn 2 /OLC nanocapsule-based anodes was~64.2%, while it was only 57.1% in the FeSn 2 nanoparticle-based anodes. It can be concluded that the high specific discharge capacity, relatively flat plateaus with minimal hysteresis loss, cyclic stability, and maximized cell voltage at low reaction potential are attributed to the improved electrocatalytic properties of FeSn 2 /OLC nanocapsules, thus making them promising anodes for LIBs. Additionally, the low reaction potential (higher than graphite) of FeSn 2 /OLC nanocapsule-based anodes would allow a degree of safety when related to lithium plating [32] .
The cycling performance of LIBs is directly proportional to the electrochemical stability of their electrocatalytic anodes. The cycling performance of LIB cells composed of the FeSn 2 /OLC nanocapsule-based anodes and the FeSn 2 nanoparticle-based anodes at a specific current density of 50 mA·g −1 is shown in Figure 4a . At the end of 100 charge-discharge cycles, the FeSn 2 nanoparticle-based anodes only show a specific discharge capacity of~178 mAh·g −1 (~38.6% retention of the initial specific discharge capacity) compared to~519 mAh·g −1 (~62.1% retention of initial specific discharge capacity) in the FeSn 2 /OLC nanocapsule-based anodes. The cycling instability of the FeSn 2 nanoparticle-based anodes can be attributed to the irreversible formation of Li 2 O matrix, active retention of Li-Sn compounds, and continuous consumption of Li + ions during formation and decomposition of SEI films [7, 12] . On the other hand, the FeSn 2 /OLC nanocapsule-based anodes show a reduced capacity fading to as low as 0.3% per cycle. The improvement in surface area, protection provided by the OLC shells to the FeSn 2 cores, and efficient electron transfer across the conductive OLC shells [33] are the primary reasons for the improved performance. The OLC shells protected the core FeSn 2 nanoparticles from coming in direct contact with the electrolyte and prevented the formation of SEI on them, eventually delaying the deactivation. With increasing cycle number, the specific capacity of the LIB cells with FeSn 2 /OLC nanocapsule-based anode gradually decreased till the 70th cycle. After that a slight rise in capacity was observed. The elevation in capacity can be ascribed to the delayed activation of the anodes [34] . Such an activation period was absent in FeSn 2 nanoparticle-based anode. Though the initial coulombic efficiency of the FeSn 2 /OLC nanocapsule-based anode was only 64.2%, Catalysts 2019, 9, 950 8 of 13 but it increased to 92.5% in the third cycle and was maintained till 100 cycles indicating the highly reversible lithium insertion/extraction process during the fast electron transport within the electrodes and their electrochemical stability. The initial drop in coulombic efficiency was due to the irreversible processes that rendered some of the electrocatalytic active sites as inactive [30] .
Catalysts 2019, 9, nanocapsule-anode gradually decreased till the 70th cycle. After that a slight rise in capacity was observed. The elevation in capacity can be ascribed to the delayed activation of the anodes [34] . Such an activation period was absent in FeSn2 nanoparticle-anode. Though the initial coulombic efficiency of the FeSn2/OLC nanocapsule-anode was only 64.2%, but it increased to 92.5% in the third cycle and was maintained till 100 cycles indicating the highly reversible lithium insertion/extraction process during the fast electron transport within the electrodes and their electrochemical stability. The initial drop in coulombic efficiency was due to the irreversible processes that rendered some of the electrocatalytic active sites as inactive [30] . The LIB cells with the FeSn2/OLC nanocapsule-based anodes exhibit an improved rate capability than the FeSn2 nanoparticle-based anodes. It is observed from Figure 4b that the FeSn2 nanoparticle-based anodes show an initial specific discharge capacity of 464 mAh·g −1 at a specific current density of 50 mA·g −1 . However, at a higher specific current density of 4000 mAh·g −1 , the specific discharge capacity is reduced to 22 mAh·g −1 (~4.7% specific discharge capacity retention). When the specific current density is returned to 50 mA·g −1 , the specific discharge capacity recovers only till 232 mAh·g −1 . The high loss in specific discharge capacity retention for the FeSn2 nanoparticle-based anodes is due to the giant volume changes suffered by the FeSn2 nanoparticles during lithium insertion and removal. This leads to particle fragmentation, loss of electrical contacts, and capacity fading of the LIB cells. In contrast, the FeSn2/OLC nanocapsule-based anodes deliver enhanced specific discharge capacities of 836 and 340 mAh·g −1 at 50 and 4000 mA·g −1 specific current density, respectively. When the specific current density is returned to 50 mA·g −1 , the specific discharge capacity is enhanced to 564 mAh·g −1 , indicating 67.5% specific discharge capacity retention as compared to only 50% in the FeSn2 nanoparticle-based anodes. In the second cycle, at 50 mA·g −1 , the specific discharge capacity retention in the FeSn2/OLC nanocapsule-based anodes is ~97.2%. The excellent electrochemical stability and rate performance of the FeSn2/OLC nanocapsule-based anodes is due to the small particle size which allow rapid mass transfer between the electrode and electrolytes [10, 11] . Further, the OLC shells allow the space required for the volume expansion during the lithiation-delithiation process [2, 19, 35] .
As shown in Figure 5 , the EIS was carried out to investigate the electrochemical properties of the active materials: FeSn2/OLC nanocapsule-based anodes and FeSn2 nanoparticle-based anodes in LIB cells. Subsequently, the Nyquist plots were fitted with ZView software. The equivalent circuit model was composed of the following parameters: Rs (ohmic resistance), Rct (interface charge transfer resistance), CPE (constant phase element), and Zw (Warburg impedance). The high frequency intercept on the real axis represents Rs arising from the electrolyte and electrode resistances. Rct is the resistance during transfer of electrons from electrode to electrolyte. CPE is attributed to the double layer capacitance imparted by the SEI layer. Zw represents the finite diffusion of the electrons through the anode [36, 37] . Owing to increased electrical conductivity and The LIB cells with the FeSn 2 /OLC nanocapsule-based anodes exhibit an improved rate capability than the FeSn 2 nanoparticle-based anodes. It is observed from Figure 4b that the FeSn 2 nanoparticle-based anodes show an initial specific discharge capacity of 464 mAh·g −1 at a specific current density of 50 mA·g −1 . However, at a higher specific current density of 4000 mAh·g −1 , the specific discharge capacity is reduced to 22 mAh·g −1 (~4.7% specific discharge capacity retention). When the specific current density is returned to 50 mA·g −1 , the specific discharge capacity recovers only till 232 mAh·g −1 . The high loss in specific discharge capacity retention for the FeSn 2 nanoparticle-based anodes is due to the giant volume changes suffered by the FeSn 2 nanoparticles during lithium insertion and removal. This leads to particle fragmentation, loss of electrical contacts, and capacity fading of the LIB cells. In contrast, the FeSn 2 /OLC nanocapsule-based anodes deliver enhanced specific discharge capacities of 836 and 340 mAh·g −1 at 50 and 4000 mA·g −1 specific current density, respectively. When the specific current density is returned to 50 mA·g −1 , the specific discharge capacity is enhanced to 564 mAh·g −1 , indicating 67.5% specific discharge capacity retention as compared to only 50% in the FeSn 2 nanoparticle-based anodes. In the second cycle, at 50 mA·g −1 , the specific discharge capacity retention in the FeSn 2 /OLC nanocapsule-based anodes is~97.2%. The excellent electrochemical stability and rate performance of the FeSn 2 /OLC nanocapsule-based anodes is due to the small particle size which allow rapid mass transfer between the electrode and electrolytes [10, 11] . Further, the OLC shells allow the space required for the volume expansion during the lithiation-delithiation process [2, 19, 35] .
As shown in Figure 5 , the EIS was carried out to investigate the electrochemical properties of the active materials: FeSn 2 /OLC nanocapsule-based anodes and FeSn 2 nanoparticle-based anodes in LIB cells. Subsequently, the Nyquist plots were fitted with ZView software. The equivalent circuit model was composed of the following parameters: R s (ohmic resistance), R ct (interface charge transfer resistance), CPE (constant phase element), and Z w (Warburg impedance). The high frequency intercept on the real axis represents R s arising from the electrolyte and electrode resistances. R ct is the resistance during transfer of electrons from electrode to electrolyte. CPE is attributed to the double layer capacitance imparted by the SEI layer. Z w represents the finite diffusion of the electrons through the anode [36, 37] . Owing to increased electrical conductivity and reduced volume expansion in the FeSn 2 /OLC nanocapsule-based anodes, they feature a lower R s than the FeSn 2 nanoparticle-based anodes, both before and after cycling [33] . The lower R ct of the FeSn 2 /OLC nanocapsule-based anodes facilitates faster Li + ions diffusion and electron transfer, consequently enhancing the cycling performance even at high current densities.
consequently enhancing the cycling performance even at high current densities.
Overall, the electrocatalytic performance and electrochemical stability of the FeSn2/OLC nanocapsule-based anodes improve because of the following factors: (i) Sub-50 nm pure phase crystalline FeSn2 nanoparticle as cores provide high storage and specific discharge capacity by combining with Li + ions; (ii) Fe act as buffering agents and facilitate the even redistribution of the internal stress during lithiation-delithation, thereby preventing/delaying the pulverization and aggregation of tin; (iii) the OLC shell impart higher electrical conductivity, suppress the FeSn2 crystal size, accommodate the strains during lithiation-induced volume change, and protect the FeSn2 from direct contact of electrolyte and subsequent formation of SEI. 
Materials and Methods
Materials
Metallic powders of iron and tin of 99.9% purity with an average size of 5 µ m, graphite needle, absolute ethanol, carbon black, PVDF (polyvinylidene fluoride), NMP (N-methyl pyrrolidone), copper foils, lithium foils, polypropylene (PP) film, 1 M LiPF6 in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 in volume), were purchased from Acros Organics (Geel 2440, Belgium) and used without any further purification, unless otherwise stated.
Synthesis of FeSn2/OLC Nanocapsules
The schematic of in situ arc-discharge process for synthesis of FeSn2/OLC nanocapsules is shown in Scheme 2. Briefly, iron and tin powders were mixed well to prepare a Fe95Sn5 powder mixture. The powder mixture was further subjected to 20 MPa pressure to form 20 mm cylindrical and compact FeSn powder ingots. During the arc-discharge process, the FeSn powder ingot was used as an anode while the graphite needle served as the cathode. The chamber (Mianyang 510700, Sichuan, China) was evacuated to maintain vacuum pressure at 6 mPa. Along with pure argon at 20 Overall, the electrocatalytic performance and electrochemical stability of the FeSn 2 /OLC nanocapsule-based anodes improve because of the following factors: (i) sub-50 nm pure phase crystalline FeSn 2 nanoparticle as cores provide high storage and specific discharge capacity by combining with Li + ions; (ii) Fe act as buffering agents and facilitate the even redistribution of the internal stress during lithiation-delithation, thereby preventing/delaying the pulverization and aggregation of tin; (iii) the OLC shell impart higher electrical conductivity, suppress the FeSn 2 crystal size, accommodate the strains during lithiation-induced volume change, and protect the FeSn 2 from direct contact of electrolyte and subsequent formation of SEI.
Materials and Methods
Materials
Metallic powders of iron and tin of 99.9% purity with an average size of 5 µm, graphite needle, absolute ethanol, carbon black, PVDF (polyvinylidene fluoride), NMP (N-methyl pyrrolidone), copper foils, lithium foils, polypropylene (PP) film, 1 M LiPF 6 in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 in volume), were purchased from Acros Organics (Geel 2440, Belgium) and used without any further purification, unless otherwise stated.
Synthesis of FeSn 2 /OLC Nanocapsules
The schematic of in-situ arc-discharge process for synthesis of FeSn 2 /OLC nanocapsules is shown in Scheme 2. Briefly, iron and tin powders were mixed well to prepare a Fe 95 Sn 5 powder mixture. The powder mixture was further subject to 20 MPa pressure to form 20 mm cylindrical and compact FeSn powder ingots. During the arc-discharge process, the FeSn powder ingot was used as an anode while the graphite needle served as the cathode. The chamber (Mianyang 510700, Sichuan, China) was evacuated to maintain vacuum pressure at 6 mPa. Along with pure argon at 20 kPa and hydrogen at 10 kPa, 30 mL of ethanol was injected into the chamber. This liquid ethanol served as the source of carbon which constituted the defective onion-like carbon shells. On entering the high temperature arc-discharge chamber, the ethanol was dissociated to C, H, and O. On the other hand, the argon produced the argon-plasma, while hydrogen aided the evaporation of Fe and Sn from the FeSn powder ingot. The ingot was evaporated in 10-15 min by arc-discharging at~40 V and~20 A. The current and voltage conditions during the process were automatically adjusted by the distance between the electrodes. To prevent any serious explosion from the highly reactive products, they were passivated with argon for 12 h and finally collected from the top of the chamber.
Catalysts 2019, 9, x FOR PEER REVIEW  10 of 14 kPa and hydrogen at 10 kPa, 30 mL of ethanol was injected into the chamber. This liquid ethanol served as the source of carbon which constituted the defective carbon onion shells. On entering the high temperature arc-discharge chamber, the ethanol was dissociated to C, H, and O. On the other hand, the argon produced the argon-plasma, while hydrogen aided the evaporation of Fe and Sn from the FeSn powder ingot. The ingot was evaporated in 10-15 min by arc-discharging at ~40 V and ~20 A. The current and voltage conditions during the process were automatically adjusted by the distance between the electrodes. To prevent any serious explosion from the highly reactive products, they were passivated with argon for 12 h and finally collected from the top of the chamber.
Scheme 2.
Schematic of in-situ arc-discharge process to synthesize FeSn2/OLC nanocapsules.
Physicochemical Characterizations of FeSn2/OLC Nanocapsules
The phase constituency of the in-situ arc-discharge-derived FeSn2/OLC stannide-based nanocapsules was characterized using a Bruker D8 Advance X-ray diffractometer (XRD, Karlsruhe 76187, Germany) with a monochromatized Cu-Kα radiation and operated at a voltage of 30 kV, a current of 30 mA, and a scan step of 0.2°. The surface morphology and internal structure of the FeSn2/OLC nanocapsules were evaluated using a JEOL 2010 transmission electron microscope (TEM, Tokyo 196-8558, Japan) at an accelerating voltage of 200 kV.
Preparation of FeSn2/OLC Nanocapsules as Stannide-Based Electrocatalytic Anodes and Fabrication of Their LIB Cells
The FeSn2/OLC nanocapsule-based electrocatalytic anodes were prepared by making a homogeneous slurry composed of 80 wt.% FeSn2/OLC nanocapsules, 10 wt.% carbon black as the conducting agent and 10 wt.% PVDF binder dissolved in NMP. The slurry was coated on copper foils and finally heated under vacuum at 120 °C for 24 h. As a control for comparison, pure FeSn2 nanoparticle anode was also prepared in the similar way.
The LIB cells were assembled in an argon filled glovebox (Vacuum Technology Inc., Oak Ridge 37830, United States) to avoid contamination. Briefly, lithium foils as the cathode, PP film as the separator, 1 M LiPF6 in EC/ DEC (1:1 in volume) as the electrolyte, and the slurry-coated copper foils as the anode were assembled into a coin cell 2025. Scheme 2. Schematic of in-situ arc-discharge process to synthesize FeSn 2 /OLC nanocapsules.
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The phase constituency of the in-situ arc-discharge-derived FeSn 2 /OLC stannide-based nanocapsules was characterized using a Bruker D8 Advance X-ray diffractometer (XRD, Karlsruhe 76187, Germany) with a monochromatized Cu-Kα radiation and operated at a voltage of 30 kV, a current of 30 mA, and a scan step of 0.2 • . The surface morphology and internal structure of the FeSn 2 /OLC nanocapsules were evaluated using a JEOL 2010 transmission electron microscope (TEM, Tokyo 196-8558, Japan) at an accelerating voltage of 200 kV.
Preparation of FeSn 2 /OLC Nanocapsules as Stannide-Based Electrocatalytic Anodes and Fabrication of Their LIB Cells
The FeSn 2 /OLC nanocapsule-based electrocatalytic anodes were prepared by making a homogeneous slurry composed of 80 wt.% FeSn 2 /OLC nanocapsules, 10 wt.% carbon black as the conducting agent and 10 wt.% PVDF binder dissolved in NMP. The slurry was coated on copper foils and finally heated under vacuum at 120 • C for 24 h. As a control for comparison, pure FeSn 2 nanoparticle anode was also prepared in the similar way.
The LIB cells were assembled in an argon filled glovebox (Vacuum Technology Inc., Oak Ridge 37830, United States) to avoid contamination. Briefly, lithium foils as the cathode, PP film as the separator, 1 M LiPF 6 in EC/ DEC (1:1 in volume) as the electrolyte, and the slurry-coated copper foils as the anode were assembled into a coin cell 2025.
Electrochemical Characterizations of LIB Cells
The two-electrode system LIB cells were electrochemically tested with an electrochemical impedance spectroscope (EIS) (CHI 660E, Shanghai 201500, China). The cyclic voltammetry (CV) and Nyquist measurements were taken before and after the cycles. The CV was conducted at a voltage sweep rate of 0.1 mV·s −1 and a frequency range of 10 mHz-100 kHz. The impedance spectra were recorded at a perturbation amplitude of 5 mV. The galvanostatic measurements were carried out in the battery testing system (Lanhe CT 2001, Wuhan 430014, China) within a voltage range of 0.05-2.0 V (vs. Li/Li + ) and specific current density of 50 mA·g −1 . The rate capabilities of the electrodes were measured by cycling the LIB cells between 0.05 and 2.0 V at different specific current densities from 50 to 4000 mA·g −1 and back to 50 mA·g −1 . At each of the specific current density, five cycles were recorded.
Conclusions
In this work, a facile one-pot in-situ arc-discharge method has been successfully used to synthesize core/shell-structured FeSn 2 /OLC nanocapsules, which act as a stable and high-performance stannide-based electrocatalytic anode material for LIBs. The arc-discharge process has enabled in assembling the FeSn 2 /OLC nanocapsules through an in situ method, by confining the FeSn 2 crystal size to sub-50 nm, introducing an intermetallic stannide alloy, and combining it with a conductive onion-like carbon shell. The FeSn 2 /OLC nanocapsule-based anodes have exhibited improved electrocatalytic properties such as high reversible capacity, good cyclability, and superior rate capability when compared to their FeSn 2 nanoparticle-based anodes counterpart. This is attributed to the electrocatalytic FeSn 2 nanoparticle cores in the FeSn 2 /OLC nanocapsule anodes which effectively enable a reversible lithiation process during charge-discharge of the LIB cells, while the OLC shells enhance electrochemical stability by imparting high electrical conductivity and protecting the FeSn 2 nanoparticle cores from volume change-induced pulverization and solid electrolyte interphase-induced passivation. The OLC shells also confine the growth of FeSn 2 nanoparticles to 5-50 nm size, thereby improving the electrochemical kinetics and surface contact area of the electrodes and electrolyte. Therefore, the resistance offered by our proposed FeSn 2 /OLC nanocapsule-based anodes is much smaller in comparison with the FeSn 2 nanoparticle-based anodes. The presence of the OLC shells have overcome the most important problem of LIBs, that is, the deterioration of electrocatalytic anodes because of the volume changes during lithiation and delithiation process. The OLC shells have allowed the space for expansion during lithiation and buffered the stress induced thereby. Therefore, the FeSn 2 /OLC nanocapsule-based anodes have shown high specific discharge capacity retention even after 100 cycles, thus proving their high electrochemical stability. It can be concluded that the arc-discharge method for synthesizing high-performance electrocatalytic FeSn 2 /OLC nanocapsule-like anodes stand out in comparison to other reported methods such as solvothermal, chemical reduction, and ball-milling [38] . In case of solvothermal synthesis, the control of nanoparticles size and morphology requires complicated and multiple steps and huge quantities of waste solvent recycling. On the other hand, the chemical reduction process leads to aggregated nanoparticles [29] . The ball-milling technique suffers from lack of desired control on the phase and structure of the nanomaterials [26] . Arc-discharge method not only alleviates the above mentioned problems, but it is also economical, environmentally benign, facile, practically zero-waste, and scalable process [10, 11, 39] . This method can be extended to develop other core/shell-structured electrocatalytic materials with controlled morphology for applications in batteries, supercapacitors, and fuel cells. 
